Thermal runaway is a phenomenon that occurs due to self-sustaining reactions within batteries at elevated temperatures resulting in catastrophic failure. Here, the thermal runaway process is studied for a Li-ion and Na-ion pouch cells of similar energy density (10.5 Wh, 12 Wh, respectively) using accelerating rate calorimetry (ARC). Both cells were constructed with a z-fold configuration, with a standard shutdown separator in the Li-ion and a low-cost polypropylene (PP) separator in the Na-ion. Even with the shutdown separator, it is shown that the self-heating rate and rate of thermal runaway in Na-ion cells is significantly slower than that observed in Li-ion systems. The thermal runaway event initiates at a higher temperature in Na-ion cells. The effect of thermal runaway on the architecture of the cells is examined using X-ray microcomputed tomography, and scanning electron microscopy (SEM) is used to examine the failed electrodes of both cells. Finally, from examination of the respective electrodes, likely due to the carbonate solvent containing electrolyte, it is suggested that thermal runaway in Naion batteries (NIBs) occurs via a similar mechanism to that reported for Li-ion cells.
Introduction
Since their introduction in the early 1990 s, Li-ion batteries (LIB) have become ubiquitous in portable energy storage and have been employed in increasingly compact and power-intensive applications, including automotive power trains [1] [2] [3] . While failure rates of Li-ion batteries are estimated to be as low as one in 40 Â 10 6 , a number of high-profile incidents [4] [5] [6] [7] have resulted in increased concern regarding LIB cell safety [8] . In addition to concerns over the safety of Li-ion cells, the relatively high cost of the cells [9] and potential volatility in Li supply chains [10] have led to increased interest in developing new battery chemistries. 1 Despite the now widespread use of Li-ion cells, recent work has seen an increased focus on developing and commercializing alternative battery types for a range of applications. Ni-based cells, such as the NiCd and NiMH, have both been widely used; however, these cells suffer from a low cell potential (1.2 V) in comparison with Li-ion cells (typically around 3.8 V) [11] and also have both a higher internal resistance and lower cycle life than comparable Li-ion systems [12] . Na-based cells have also seen commercialization through the so-called ZEBRA cell, a high-temperature molten salt battery which has a more favorable open-circuit potential of 2.58 V than Ni cells. This battery has been shown to be reliable through extensive in-field testing [13] ; however, the high-temperature operation restricts the application of such a cell to stationary or automotive applications. Solid Na metal-based cells, such as the Na-S cell, have also been researched and used in the field although these cells have been found to suffer from dendrite growth under room temperature operation, which has resulted in severe safety concerns [14] . Similar issues have also been reported in Zn-air batteries [15] which have the advantage of higher specific energy densities than Li-ion systems [16] , in addition to favorable economic costs [17] .
One of the most promising battery types in development is the Na-ion battery (NIB), which uses a Na-based positive electrode which has the benefits of low-cost and global abundance in comparison with the Li compounds used in Li-ion systems [18] . In addition to the economic benefits associated with the charge carrier, the overall cost of the cell can also be reduced by removing the necessity for a copper current collector at the negative electrode as, in contrast to Li, Na does not alloy with aluminum [19] . This configuration also offers potential benefits in terms of safe storage and transport of batteries; once discharges NIB can be stored at zero volts in shorted state, as the aluminum does not dissolve into the electrolyte at low voltages and reprecipitate upon charge [20] . This offers the potential for shipping and storage of cells which contain no energy. Na-ion research has, to date, largely focused on obtaining and optimizing electrode materials with a large number of candidates for both positive and negative electrode materials being investigated. Hard carbon materials which have a reversible capacity of ca. 300 mAh g À1 [21] have typically been used as the negative electrode material due to the low cost of the precursors and ease of production, while this capacity is similar to that of a Liion cell (theoretical capacity of 372 mAh g À1 ); hard carbon electrodes suffer from a poor first cycle Faradaic efficiency and capacity fades over multiple cycles [22] . Despite the widespread use of hard carbon, a range of other materials including metal oxides such as Sb 2 O 4 have exhibited reversible capacities approaching 900 mAh g À1 [23] while the intermetallic compound SnSb/C was shown by Xiao et al. to have a capacity of 435 mAh g À1 and Faradaic efficiency in excess of 98% after 50 cycles [24] .
Positive electrode materials for Na-ion cells have typically focused on structures capable of housing Na þ ions rather than using metallic Na (as negative electrodes within cells) as these layered oxide materials can avoid dendritic growth at the electrode surface [25, 26] . Recent developments in positive electrode materials are summarized by Xiang et al. [27] with theoretical capacities ranging from ca. 100-250 mAh g À1 comparable to LIB. This results in a necessity to have a higher mass loading of the positive electrode in comparison with even a standard hard carbon negative electrode. While Na-ion batteries currently lag behind Li-ion systems in terms of volumetric energy and power density in applications where this is not a large concern, for instance grid scale power storage, this cell may offer a viable alternative in the near future for applications where cost and safety are the key drivers. This can be seen by the recent integration of a Na-ion cell into an e-bike and the significant increase in academic interest in recent times as highlighted by Vignarooban et al. [28] . In conjunction with the research being conducted on improved materials, it is imperative to understand the failure processes which occur in Na-ion cells in order to expedite commercialization opportunities.
Research into the thermal [8, [29] [30] [31] , electrochemical [32] [33] [34] , and failure mechanisms [35] [36] [37] in Li-ion systems are widespread; however, at present similar studies of Na-ion cells are scarce, particularly at the cell level. Recent work performed by Xia and Dahn has examined the safety of positive electrode materials for Na-ion cells showing that NaCrO 2 is a less reactive positive electrode material than LiFePO 4 in similar nonaqueous electrolytes [38] . Here, a combination of accelerating rate calorimetry (ARC) and postmortem materials characterization is used to examine the thermal failure properties of a Na-ion cell compared with a commercially available Li-ion cell. This technique has previously been used to study the failure mechanisms and characteristics of a range of Li-ion chemistries [39] [40] [41] , examining the effect of temperature on electrolyte degradation and the thermal stability of electrode materials. ARC is a procedure that is used for the measurement of the heat expelled from a material during self-heating. The "heat-wait-search" protocol enables the identification of key thermal steps in the failure of cells, for instance, as described in this work, the onset temperature of thermal runaway in cells. The performance of Na-ion cells is also benchmarked against a similar commercially available LiCoO 2 battery. Pre-and postmortem analysis of the cells is also performed in order to highlight the change in both cell and electrode architectures which in turn may have an influence on the safety of multicell packs.
Experimental
Accelerating rate calorimetry experiments were performed on two pouch cells of similar energy density and form factor. The Naion cell (NIB) used in this work is based on a layered oxide positive electrode material and hard carbon negative electrode material developed by Sharp Laboratories of Europe (90 Â 75 Â 7 mm, SLE, Oxford, UK), with a polypropylene separator, mixed carbonate solvent (EC:DEC), 1M NaPF6 salt [42] and a capacity of 12 Wh (3000 mAh). The LIB cell (85 Â 45 Â 8 mm, AA Portable Power Corp., Richmond, CA) which had a capacity of 10.5 Wh (2500 mAh) is based on a LiCoO 2 (LCO) positive and graphite (negative) electrode material, with a tri-layer (shutdown) separator, and the composition of the electrolyte is EC:DMC with $1M LiPF 6 . Prior to conducting the ARC experiments, the NIB was fully charged to 4 V (the maximum rated voltage) at 1C, via a constant-current, constant-voltage charging protocol. The LCO cell commercial pouch cell was charged using the same protocol to 4.2 V. The cells were allowed to equilibrate, and the open circuit potential was measured directly prior to the thermal runaway experiment to ensure no capacity fade occurred.
Prior to the failure of each cell X-ray computed tomography (CT), images of both cells in their fresh, fully charged state were Fig. 1 NIB cell suspended on wires in the calorimeter, also shown are the location of the thermocouples used for the ARC experiment on the front and rear of the cell captured using a Nikon XT 225 machine. The geometric configuration of the radiographic scans resulted in a pixel resolution of between 59 and 65 lm. In all cases, an accelerating voltage of 210 kV with a tungsten target was used to generate 3176 projections of the cells. The radiographic dataset acquired was reconstructed using a filtered back projection algorithm built into the commercially available CT PRO 3D software with subsequent visualization achieved using AVIZO FIRE 9.2 (FEI Company, Hillsboro, OR).
Accelerating rate calorimetry was performed inside a calorimeter (Phitec Battery Test Calorimeter, HEL Group, Hertfordshire, UK) using the heat-wait-search method. This is a standard method that involves heating the sample to the start temperature, following which a period is observed for the environmental temperature to stabilize followed by the measurement of any self-heating. For both cells, self-heating rates in excess of 0.02 C min À1 were tracked until the heating stopped. Once the self-heating had finished, the set temperature was raised by 5 C and the process repeated until thermal runaway occurred: in order to ensure safe operation, a maximum temperature of 280 C was set in both instances. Temperature change was monitored using two K-type thermocouple which were placed in similar locations on opposing sides of the cell, as shown in Fig. 1 . The cell was then suspended in the center of the calorimeter (see Fig. 1 ) to ensure radiative effects were accounted for. After thermal runaway, the calorimeter was left to cool to ambient temperature before postmortem Xray CT of the failed cells was performed using the Nikon XT 225 instrument. In all cases, an accelerating voltage of 200 kV was used with the power subsequently optimized to provide sufficient counts of 60,000 on the detector.
Pre-and postmortem scanning electron microscope (SEM) images were obtained using a Zeiss EVO 10 SEM (Carl Zeiss AG, Germany) with imaging being performed at 10 kV using the secondary electron (SE1) signal to obtain images of the NIB cell and at 15 kV using the same SE1 signal to obtain images of the Li-ion cells before and after failure. Magnifications of approximately 10,000Â were obtained resulting in a pixel size of 29 nm in all cases. The fresh samples were prepared in a glovebox before later being transferred, in a sealed container, to the SEM minimizing air and moisture exposure.
Results and Discussion
Accelerating rate calorimetry was performed in order to induce thermal runaway in both NIB and LCO cells. The temperature profiles obtained for both types of cell are shown in Fig. 2 . The initial plateaus observed for NIB and LCO cells before the initial exothermic event are thought to be the initial breakdown of the solid electrolyte interphase (SEI). It is observed that the time before the first exotherm is significantly longer in the LCO cell compared to the NIB. In both cases, an initial exotherm is seen to initiate between 30 and 50 C; this initial temperature rise has previously been suggested to be as a result of the breakdown and subsequent reformation of the SEI layer in Li-ion batteries [43] . The higher temperature exotherm for LCO cells compared to NIB and the longer time taken to reach this first exothermic event are likely due to the stability of the SEI layer; with the SEI in Li-ion batteries being more stable to higher temperatures. Sodium salts are in general more stable than lithium salts, and therefore it is not unreasonable to assume that the SEI in NIB is significantly more soluble than LIB. The earlier onset temperature and shorter time to reach this first exothermic event in NIB suggests that it is important to consider the SEI formation further. To our knowledge, formation studies have not yet been performed for NIB, nor electrolyte additives investigated, and this result highlights the need for more detailed studies to stabilize and understand NIB SEI further. Once this initial exotherm has concluded, a second exotherm is visible which indicates the onset of thermal runaway. This is seen in the profiles shown in Fig. 2 with thermal runaway apparent due to a sudden increase in the temperature of the cell with the region highlighted. A difference between the cells is seen with a second plateau region visible in the temperature trace of the LCO cell; this may be attributed to the presence of a so-called "shutdown separator" in the LCO cell which is not incorporated in the NIB cell. These shutdown separators are composite structures consisting of a tri-layer of polypropylene (PP), polyethylene (PE), and polypropylene (PP|PE|PP) designed to delay or indeed prevent thermal runaway in the case of electrical abuse [44, 45] . It is also possible that within this temperature window, the LCO cell ruptured, resulting in the Joule-Thompson effect occurring-an effect which has previously been observed in 18,650 type Li-ion cells [36] . Despite the integration of safety devices such as the shutdown separator, thermal runaway will only be delayed during ARC due to the temperature increasing until failure.
To evaluate the respective thermal runaway process, the selfheating rate of both cells during the ARC experiment was calculated; these results are outlined in Fig. 3 with a clear discontinuity in the LCO cell visible, once again most likely due to the rupture of the LCO cell. It is shown in Fig. 3 that the self-heating rate for the NIB cell is significantly lower at the initial stages of the experiment (corresponding to the blue line). In this region, thermal runaway has not yet occurred in either cell. As the energy density is similar between both cells, this suggests the initial degradation and decomposition of the components of LCO cells associated with elevated temperatures are mildly less exothermic than those observed in NIB systems; however, the thermal runaway event is significantly more exothermic in the LCO cell than the NIB battery. The rate of change of temperature after the onset of thermal runaway occurs within the cells also shows a stark difference. The discontinuity provided by the shutdown separator prior to thermal runaway is once again visible for the LCO cell in Fig. 3(b) with the self-heating rates occurring during the initial stages of thermal runaway also highlighted with a red line. Due to the rapid nature of thermal runaway and the upper safety limit imposed on the ARC experiment, it was not possible to capture the self-heating rate to the conclusion of the cell failure. Despite this, it is evident from Fig. 3 that the thermal runaway reaction is significantly faster over the temperature range in a LCO cell; with the larger Table 1 Rate of reactions of the isotherms observed in Fig. 3 corresponding to the initial degradation of the cell (blue, as seen in Fig. 3 ) and thermal runaway (red, as seen in Fig. 3 
Fig. 4 Cell scale tomographic renderings of the charged ((a)-(c)) and failed ((d)-(f)) NIB cell and the charged ((g)-(i)) and failed LCO ((j)-(l)) showing the extent of deformation associated with thermal runaway
gradient visible in the self-heating rate of the LCO cell indicative of a higher reaction rate as shown in Table 1 . This increased reaction rate reduces the time frame for the heat to dissipate and consequently would result in a faster temperature rise when incorporated into a pack or module. In turn, this suggests that NIB cells fail with less risk of cell-to-cell propagation of thermal runaway and therefore may be a safer option in situations where concerns over thermal runaway exceed the requirement for the comparably higher volumetric/gravimetric power densities provided by Li-ion cells. It must also be noted that the LCO cells used in these experiments are not considered the most unstable [31] and cells with cathodic materials such as nickel manganese cobalt or nickel cobalt aluminum oxide, which are widely used in electric vehicles and will exhibit even greater rates of heat generation during thermal runaway as a result of the more exothermic decompositions of the respective positive electrodes.
X-ray CT was performed on the charged NIB and LCO cells both before and after ARC: this nondestructive technique enables the full visualization of the architectural changes that occur within the cells due to the thermal runaway event. Full three-dimensional renderings of the respective cells are shown both prior to and after the failure of batteries in Fig. 4 . The current collecting tabs are located on different edges of the respective cells and the orthogonal planes are in view for comparison, i.e., the front view is the (x, y) plane, and the side view (x, z) and the underside view are the (y, z) plane. These images show the significant alterations in both the internal and external structures as a result of the thermal runaway.
It is clear from Fig. 4 that thermal runaway has a catastrophic effect on the external housing of both cells. Ruptures are visible at the current collecting tabs for both batteries (Figs. 4(d) and 4(l) ) while an additional rupture is also seen to occur in the side of the NIB cell (Fig. 4(e) ). These differences may be due to a variation of the quality of the seal achieved in each cell with the commercial LCO cell being subjected to a more rigorous quality control procedure than the NIB cell which was produced in a small batch. In order to quantify the extent of the deformation caused by thermal runaway, dimensional measurements were taken along the major orthogonal axes of the individual cells before and after failure as outlined in Table 2 .
It is clear from Table 2 that the NIB cell suffers more severe distortion than the LCO cell during thermal runaway. This may be due to a variation in the sealing strategy of the cells; however, in this instance, it is important to stress that while a single cell which experiences such expansion changes may be acceptable, should multiple cells be combined together in a pack this could lead to heightened stress on the module. In all cases, it is seen that some changes to the cell structure occur; however, for both the LCO and NIB cells, the largest of these deviations occur due to gases passing through the cell toward the seal along which the current collecting tabs protrude. While this is useful in order to remove potentially toxic gases from the module, it may be useful to employ a small pressure relief component in the cells to mitigate against the large architectural distortions in cells and reduce the mechanical stress on components within a battery pack, such as is typically observed in spiral wound cell geometries. It should be noted that the NIB cells used in this work were produced in small batches; as such, further optimization of the electrolyte may result in reduced gas generation further improving the safety of the cells.
The extent of damage to the internal macrostructure is most clearly seen by taking orthogonal slices through the reconstructed data set. These ortho-slices are shown in Fig. 5 as a side view highlighting how the electrode layers are separated as a result of the thermal runaway.
The separation of the electrode layers due to thermal runaway is clearly visible for both the NIB (a, b) and LCO (c, d) cells shown in Fig. 5 . The effect of the structural deformations which occur in the cell on the thermal runaway event cannot be quantified here; it is, however, highly likely that during the failure the positive and negative electrodes came into contact with each other resulting in internal short circuiting and additional heating. Fractures in the current collecting layers can also be seen in both cells suggesting a large pressure relief event which cause the layers to Table 2 Extent of deformation as a percentage of original volume observed in NIB and LCO pouch cells as a result of thermal runaway. The orientations described below show (a) the side view in Fig. 4, (b) the front view in Fig. 4 and (c) the underside view in Fig. 3 in all cases along the vertical axis. Note the measurements did not include the current collecting tabs as these positions were altered when the cells were placed in the calorimeter. fracture, similar to effects previously reported by Finegan et al. [35] . Additionally, the electrode stack is seen to rise from the base of the pack in the NIB cell which contributes to the larger expansion in this plane, noted in Table 2 .
Once the radiographic scans were completed both the NIB and LCO cells were removed and visually inspected. Charring visible on the surface of the pouch was observed in both instances; however, it was seen to be more pronounced on the NIB cell as seen in Fig. 6 .
Deconstruction of the failed cells was performed in order to prepare samples for subsequent SEM imaging. During this process, it was noted that the NIB cell's aluminum current collector, upon which the positive electrode material was printed, remained largely intact; with only small perforations observed, likely due to the release of gas upon the rupture of the cell. This indicates that the maximum internal temperature of the cell did not reach 660 C, the melting point of aluminum, throughout the thermal runaway process. This is in stark contrast to work which has previously shown that nickel manganese cobalt oxide type Li-ion cells (although in a different format) can exceed internal temperatures of a least 1085 C during thermal runaway [35, 36] . It was also seen in the failed NIB cell that the adhesion of the failed positive electrode material was weak as a result of the gas generation at this portion of the cell. While the hard carbon negative electrode remained largely intact and attached to the aluminum current collecting layer, this electrode was observed to be highly brittle in nature, in comparison with a fresh electrode, as a result of the failure of the cell.
In contrast to the failed NIB cell, the aluminum positive electrode current collecting layer of the LCO cell was seen to have largely disintegrated due to the thermal runaway process. In both cells, however, the negative electrode current collecting layers remained undamaged. The copper current collector used in the LCO cell was seen to have remained wholly intact, suggesting the maximum internal temperature reached during thermal runaway was in the region of 660-1085 C. It was observed that the positive electrode material layer was significantly more brittle after failure than a fresh sample obtained from an identical cell; and, as with the NIB cell, the adhesion of the positive electrode was reduced when compared to a pristine sample (Fig. 6) .
Microstructural examinations of both the NIB and LCO cells were conducted using SEM. In order to evaluate the condition of the failed cells, pristine samples were also obtained from identical cells in a glove box and transferred via air-sealed containers to the SEM. Figure 7 shows the SEM images obtained of pristine and failed negative electrode (a, c) and positive electrode (b, d) of the NIB cell. It is evident that the negative electrode of the cell, which is composed of a hard carbon, remains intact as a result of thermal runaway. This is to be expected as the hard carbon used in electrodes is formed via pyrolysis reactions typically performed at temperatures in excess of 1000 C [46] . In contrast, the microstructure of the positive electrode is observed to alter as a result of the failure. Portions of the positive electrode were observed to be fully removed from the Al current collector (likely as a result of gas generation) alongside generally reduced adhesion of the electrode layer to the current collector: this reduced adhesion is also visible in the ortho-slices shown in Fig. 5 with a delamination of the electrode from the remaining current collector observed. Figure 8 shows similar SEM images obtained for the LiCoO 2 cell showing both the anode and cathode before (a, c) and after (b, d) thermal runaway. In contrast to the Na mixed metal (NMM) cell, changes in the microstructure are evident for both electrodes in the LCO cell. The graphitic anode (a, b) is seen to significantly reduce in particle size. Visible porosity is also observed throughout the failed anode in Fig. 8(b) , which suggests a proportion of the graphite may have oxidized to form CO 2 as has previously been reported [47] . The rate of this process has been noted to be increased by the presence of transition metals [48] which may suggest crossover of metallic elements from cathode to anode following the melting of the separator. In contrast to the NMM system, the particle morphology of the cathode does not change drastically as a result of thermal runaway. However, it is evident that the cathode also shows increased porosity after thermal runaway has occurred; once more, this is likely due to gas generation at the cathode layer as a result of an interaction between the cathode and electrolyte. As with the NMM system, this gas generation has resulted in portions of the cathode being removed from the current collector with large areas of bare current collector visible in Fig. 8 . The generation of gas due to thermal runaway has previously been reported by Golubkov et al. [31] who showed that the gases generated are typically a mix of alkanes, alkenes, and hydrogen, the ratios of which depend on the cathode chemistry employed. The SEM images shown in Fig. 7 suggest that thermal runaway reactions in NIB cells occur via a similar mechanism to that reported in Li-ion systems. Maleki et al. [40] suggested that thermal runaway in LCO/graphite systems (as used in this study) is initiated by the heat generated via the breakdown of the positive electrode and subsequent reaction with the electrolyte. The NIB cells in this study similarly show electrode degradation at the positive electrode, suggesting that it is also this layer which plays the largest part in the reactions which lead to thermal runaway.
Conclusions
Accelerating rate calorimetry experiments comparing NIB containing a layered oxide positive electrode and commercial LIB containing LiCoO 2 positive electrode have shown highlighted some important differences. NIB appears to have a shorter time to the first exothermic event that also occurs at a slightly lower temperature than LIB, while the rate of thermal runaway exhibited by Na-ion cells is lower than that observed in (LCO) cells. A shutdown separator present in the LCO cells significantly delays the time taken to reach the onset of thermal runaway; however, it does not prevent thermal runaway in this case, which is comparable to the conditions experienced during a fire. This indicates that the solubility of the SEI layer in NIB is likely to be much greater than LIB, occurring in shorter time frames and at lower temperatures. However, the initial repeated dissolving and reforming of this SEI (as indicated by self-heating rates) observed in the battery, associated with elevated temperatures, is observed to be lower in NIB cells, suggesting this is a more stable cell both at temperatures below thermal runaway and during the thermal runaway process itself. The reduced degradation rate provided by the slower reaction kinetics may provide an opportunity to design a system to isolate or eject the cell in packs or modules.
Examination of the packs by X-ray CT shows significant distortions in the architecture of the cell packaging material in both instances. These are more significant in the NIB case which is ascribed to the sealing strategy of the cell. Such effects may be improved by optimization of the electrolyte, potentially using less volatile solvents. The distortions observed here are likely to induce mechanical stress within battery packs, which when coupled with the heating caused by a cell undergoing thermal runaway, may result in damage to and indeed the failure of neighboring cells, which must be addressed through adequate safety devices and quality control.
The internal architectures are destroyed in both cells, with the NIB showing a greater disparity from the original orientation of the layers. Despite this, the Al current collectors were seen to be largely intact on both electrodes in the NIB cell during postmortem analysis, which indicates the temperature reached during thermal runaway could not have exceeded 660
C. In contrast, only the Cu current collector in the LCO cell remained intact; therefore, the maximum temperature reached during thermal runaway must be in the window 660 C < T max < 1085 C. Scanning electron microscope shows significant changes in the microstructure of both the positive and negative electrodes of the LCO cell after thermal runaway; however, the negative electrode of the NIB cell retains a similar microstructure to that observed in a pristine cell anode. This suggests that the interaction between the positive electrode and the decomposed electrolyte is the major cause of thermal runaway, implying thermal runaway occurs in NIB cells via similar mechanisms to those reported for Li-ion systems. 
